In the polar atmosphere, significant chemical and ionization changes occur during 11 solar proton events (SPE). The access of solar protons to this region is limited by the 12 dynamically changing geomagnetic field. In this study we have used riometer absorption 13 observations to investigate the accuracy of a model to predict K p -dependent geomagnetic rigidity 14 cutoffs, and hence the changing proton fluxes. The imaging riometer at Halley, Antarctica is 15 ideally situated for such a study, as the rigidity cutoff sweeps back and forth across the 16 instrument's field of view, providing a severe test of the rigidity cutoff model. Using 17 observations from this riometer during five solar proton events, we have confirmed the basic 18 accuracy of this rigidity model. However, we find that the model can be improved by setting a 19 lower K p limit (i.e., K p =5 instead of 6) at which the rigidity modeling saturates. We also find that 20 for L>4.5 the apparent L-shell of the beam moves equatorwards. In addition, the Sodankyla Ion 21 and Neutral Chemistry model is used to determine an empirical relationship between integral 22
proton precipitation fluxes and nighttime ionosphere riometer absorption, in order to allow 23 consideration of winter time SPEs. We find that during the nighttime the proton flux energy 24 threshold is lowered to include protons with energies of >5 MeV in comparison with >10 MeV 25 for the daytime empirical relationships. In addition, we provide an indication of the southern and 26 northern geographic regions inside which SPEs play a role in modifying the neutral chemistry of 27 the stratosphere and mesosphere. with those experimentally observed for low and mid levels of geomagnetic disturbance levels 57 (K p <5). However, in very disturbed conditions (K p ≈7-9) the rigidity energy cutoffs indicated by 58 the IRIS observations appeared to saturate around those predicted for K p ≈6 by the particle-59 tracing approach. This suggested that the geomagnetic latitude limit for the penetration of SPE 60 protons during large geomagnetic storms is rather more poleward than had been indicated 61 previously. 62 Imaging riometer systems (IRIS) like the one at Halley, Antarctica, are well suited for 63 examining geomagnetic cutoffs, because the receiver arrays provide an image of the ionospheric 64 absorption levels in a 200 km × 200 km horizontal region above the instrument by measuring the 65 absorption of cosmic radio noise at a given frequency (usually 20-40 MHz). Using riometers it 66 has previously been shown that there is an empirical relationship between the square root of the 67 integral proton flux (>10 MeV) and cosmic noise absorption (CNA) in daytime, at least when 68 geomagnetic cutoff effects do not limit the fluxes [Kavanagh et al., 2004] . The same study 69 concluded that variations in the spectral hardness of the SPE proton flux and atmospheric 70 collision frequencies do not cause significant departures from the linear relationship observed. 71 In this paper we examine ground-based measurements during five SPEs, based on the 72 observations from the imaging riometer at Halley, Antarctica, which is situated such that the 73 rigidity cutoff sweeps back and forth across the instrument's field of view during each SPE. We 74 calculate riometer absorption, using input proton fluxes modified by rigidity cutoff calculations, 75 and contrast the varying, predicted and observed, rigidity cutoffs during each geomagnetic 76 disturbance. We also use the Sodankyla Ion and Neutral Chemistry (SIC) model to determine an 77 empirical relationship between integral proton precipitation fluxes and nighttime ionosphere 78 5 riometer absorption to complement the daytime relationship already published, and to study 79 rigidity effects during winter time SPEs. 80
Experimental Setup

81
The riometer utilizes the absorption of cosmic radio noise by the ionosphere [Little and 82 Leinbach, 1959] to measure the enhancement of D-region electron concentration by energetic 83 charged particle precipitation [Stauning, 1996] . The riometer technique compares the strength of 84 the cosmic radio noise signal received on the ground to the normal sidereal variation referred to 85 as the quiet-day curve to produce the cosmic noise absorption. The instantaneous ionospheric 86 absorption in decibels is derived from the ratio of the prevailing signal level to this curve 87 [Krishnaswamy et al., 1985] . In typical operations the absorption peaks near 90 km altitude, 88 where the product of electron density and neutral collision frequency maximizes. In this paper 89 we consider experimental observations from selected beams of an imaging riometer located at 90 Halley (75.6ºS, 26.32°W, L=4.6), as shown in Figure 1 
where V k is an altitude independent constant. Thus by knowing the value of V k for the IGRF L-128 value at 450 km altitude above a given location, one can determine R c at 100 km once one knows 129 the L-value for that location at 100 km altitude. In the Rodger-approach the upper limit for K p in 130 the rigidity model is K p =6. When K p exceeds this level then it is forced to K p =6 in the rigidity to investigate rigidity cutoff effects during polar winter conditions. 242 We assume that the proton spectra at the top of the atmosphere will be determined only by the However, the observed absorption is not consistent with this picture, and when K p >4 the 334 predicted absorption is also over estimated. This suggests that the rigidity cutoff limit (K p =6, 335 0.0 MeV for the southern beam) needs to be higher than the proton flux energy threshold 336 (10 MeV in daytime). Either decreasing the K p "saturation" limit, or lowering the proton flux 337 energy threshold can achieve this. 338 During the two large SPEs, when K p approached 9, the southern (poleward) beam absorption 339 was close to that of the calculated rigidity and non-rigidity cutoff absorption levels (Figures 4   340 and 5), whereas this was not true when K p =4-6 in the previous analysis. This clearly indicates 341 that the K p =6 saturation limit to the rigidity cutoff model is too low and needs to be higher. are in error there is usually an over estimate in the predicted absorption levels, caused by the 365 K p =6 saturation limit used in the rigidity cutoff calculation. In order to improve the success rate 366 for the northern (equatorward) beam the K p saturation limit in the rigidity model would have to 367 be decreased to K p =5.5 or the daytime proton flux energy threshold decreased to >5 MeV. For 368 the southern beam changing the K p saturation limit to 5 would be more appropriate, but no 369 changes of the daytime proton flux energy threshold would make any significant effect. (equatorward) beam will not achieve the non-rigidity cutoff absorption maximum unless the 383 proton spectrum is very hard and has little flux between 10-28 MeV. The southern beam will still 384 experience absorption at the non-cutoff maximum, but the more equatorward location of the 385 beam results in lower levels of absorption when K p is just below the saturation limit. Both of 386 these effects result in much better agreement between the calculated absorption and the observed 387 absorption for this large geomagnetic storm in comparison with the results shown in Figure 4 . 388 However, for moderately disturbed solar proton events, where K p remains close to the 389 saturation limit the calculated absorption is not in such good agreement with the observations. 390 Figure 9 shows the adjusted absorption for the 26-29 November 2000 period to be contracted 391 with Figure 3 . The K p =5 saturation limit has reduced the northern beam absorption, and reduced 392 the southern beam absorption when K p is close to the K p =5 saturation limit. However, during 393 higher K p the southern beam does not experience the maximum non-rigidity cutoff absorption 394 levels that the relocated beam calculations predict. Overall there is a 50% decrease in the number 395 of 3-hour data bins that previously showed poor agreement between the calculated and observed which the rigidity process saturates. We also find that for L>4.5 there is significant change in the 446 geomagnetic location of a riometer beam during a large geomagnetic storm, such that the 447 apparent L-shell of the beam moves equatorward. This is in part explained by the decreasing 448 altitude of peak riometer absorption as protons penetrate more readily at higher K p into the 449 rigidity dominated zone. 450 We have also used the Sodankyla Ion and Neutral Chemistry model to determine an empirical 
